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Abstract

We have developed a methodology for analysis of PCCI engines that applies to 
conditions in which there is some stratification in the air-fuel distribution inside the 
cylinder at the time of combustion. Our analysis methodology consists of two stages: 
first, a fluid mechanics code is used to determine temperature and equivalence ratio 
distributions as a function of crank angle, assuming motored conditions. The distribution 
information is then used for grouping the mass in the cylinder into a two-dimensional 
(temperature-equivalence ratio) array of zones. The zone information is then handed on 
to a detailed chemical kinetics model that calculates combustion, emissions and engine 
efficiency information. The methodology applies to situations where chemistry and fluid 
mechanics are weakly linked. The results of the multi-zone model have been compared to 
the results obtained from a fully integrated code, in which a chemical kinetics code is 
directly linked into a fluid mechanics code to calculate chemistry in every cell of the grid.

The results show that the multi-zone model predicts burn duration and peak cylinder 
pressure with good accuracy. However, ignition timing predicted by the multi-zone 
model is sensitive to the transition angle between the fluid mechanics code and the 
chemical kinetics code. The paper explores the possibility of using three different criteria 
for determining the transition angle: fraction of heat release at the time of ignition, 
temperature of the hottest cell at the time of ignition, and a fixed crank angle of 
transition. The results show that the three criteria have some validity as transition criteria. 
Further research is necessary to investigate the effect of fuel properties and operating 
conditions on transition angle.

Introduction

HCCI engines offer the promise of providing efficiency similar to diesel engines without 
the high NOx and particulate matter emissions that characterize diesel engine combustion. 
However, important challenges have kept HCCI engines from widespread 



commercialization. The main challenges are combustion timing control and low specific 
power output [1], with the control issue being especially difficult for transportation 
applications.

Premixed charge compression ignition (PCCI) is a possible solution to the control and 
specific power challenges of HCCI engines. PCCI is a generalization of HCCI 
combustion where the fuel and air mixture may be partially stratified at the moment of 
ignition. Examples of PCCI engines include direct injected engines with early injection 
[2], and controlled autoignition (CAI) engines that use variable valve timing and high 
residual fraction to control combustion [3]. In PCCI engines, equivalence ratio 
stratification may be used for lengthening the burn duration, thereby allowing the engine 
to operate at higher specific power. Engine control can also be aided by direct injection of 
fuel into the combustion chamber, especially if the injected fuel is highly reactive, such 
as diesel fuel. On the other hand, fuel stratification may produce high emissions of NOx

and PM. The challenge for PCCI engines is to meet the control and high power output 
requirements of modern engines while keeping NOx and PM emissions low enough to 
meet current and future emissions standards.

Analysis of combustion in engines has always been extremely difficult. In theory, any 
engine combustion problem could be solved by linking a fluid mechanics code with a 
chemical kinetics code. In this fully integrated approach, the fluid mechanics code 
calculates temperature distribution and mixing, while the chemical kinetics code 
calculates composition and heat release. However, in SI and diesel engines, there are 
regions in the combustion chamber with very sharp gradients (i.e. flames) that require 
very fine meshes (micron-sized cells) for appropriate resolution. This makes the running 
time impractically long for today’s computers.

HCCI combustion has unique characteristics that make it more amenable to analysis. It is 
widely believed that HCCI combustion is typically a distributed global auto-ignition 
phenomenon, with no sharp gradients such as flames. Turbulence is believed to play a 
minor role on HCCI combustion, affecting combustion only through its effect on the 
temperature distribution inside the cylinder. Under these conditions, accurate analysis of 
HCCI can potentially be achieved with a relatively coarse grid (millimeter-size cells 
instead of micron-size cells), with the cell size being determined by the need to 
appropriately resolve the temperature distribution in the cylinder. However, even the 
coarser grids required for HCCI combustion (with ~50,000 cells for a 2-dimensional 
mesh or ~500,000 cells for a 3-dimensional mesh) are too big for today’s computers. Full 
integration of a fluid mechanics code with a chemical kinetics code may be the method of 
choice for HCCI analysis in the future, as fast, highly parallelized computers may be able 
to tackle the very high computational intensity of this problem. However, for now, fully 
integrated calculations are limited to small mechanisms (~100 species) and coarse grids 
(~1000 cells). Recent work [4] has reported accurate results using this approach.

An alternative to full integration of a fluid mechanics code and a chemical kinetics code 
for HCCI analysis is to use a multi-zone model. In a multi-zone HCCI analysis, cells that 
have similar pressure, temperature and composition histories are grouped into a relatively 



small number of zones (10-100). The chemical kinetics solver is then applied to this 
small number of zones, instead of the large number of cells typically used in fluid 
mechanics codes. Considering that conducting chemical kinetics calculations is much
more computationally expensive than conducting fluid mechanics calculations (Figure 1), 
it can be concluded that the multi-zone model can offer great advantage in computational 
time with respect to a full integration of a chemical kinetics code and a fluid mechanics 
code.

Previous work by the authors [5-6] has focused on developing and validating multi-zone 
models for HCCI combustion. The results have shown considerable success in predicting 
combustion and emissions over multiple geometries, fuels, and operating conditions. 
Previous applications of the multi-zone model have been limited to HCCI combustion, 
and the method does not allow for composition stratification inside the combustion 
chamber.

With the current interest in PCCI combustion and the previous success of the multi-zone 
model, it is tempting to try to extend the multi-zone model to PCCI combustion where 
partial composition stratification exists. While multi-zone methodologies are unlikely to 
work well in engines with substantial stratification or flame propagation (i.e., diesel and 
SI engines), they may work well enough under practical PCCI conditions to make them 
valuable analysis tools. 

A multi-zone methodology that can be used for the analysis of PCCI combustion was 
previously proposed by two of the authors [7].  The method is a sequential multi-zone 
approach where the fluid mechanics code generates a temperature-equivalence ratio (T-φ) 
distribution at a given transition point. The T-φ distribution is then used for generating a 
2-dimensional array of zones, with zones having different compositions and 
temperatures. The zonal information is then passed on to a multi-zone chemical kinetic 
model that calculates combustion duration and heat release rates. The results in [7] 
showed that the model can predict burn duration and peak cylinder pressure with good 
accuracy.  However a criterion for choosing the transition point was not clearly defined.

In this paper, this approach is further developed and evaluated.  More specifically, the 
paper explores the possibility of using three different criteria for determining the 
transition angle: fraction of heat release at the time of ignition, temperature of the hottest 
cell at the time of ignition, and a fixed crank angle of transition.  The next section 
describes the methodology in more detail. The method is later tested and the results are 
presented and discussed.

The Model

Figure 2 shows the main steps in the sequential multi- zone methodology. The first step in 
the process is to conduct a fluid mechanics analysis of the engine cycle, assuming non-
firing (motored) conditions. The analysis may include the inlet and exhaust processes, as 



needed to analyze a CAI engine [3]. However, for this paper, we consider only the 
trapped cycle, from intake valve closing (IVC) to exhaust valve opening (EVO). The 
fluid mechanics code generates a list of temperatures and compositions for all the cells 
for multiple crank angles during the compression stroke. In this paper we use KIVA3V 
for the fluid mechanics calculations [8].

The second step in the process consists of selecting a crank angle for transitioning 
between the fluid mechanics code and the chemical kinetics code. The transition angle is 
an important parameter in the solution of the problem. Transitioning to the chemical 
kinetics code too early introduces errors, since mixing and heat transfer cannot be 
accurately modeled with the chemical kinetics code. Transitioning too late also 
introduces errors because the model may miss some of the early chemistry, which 
typically plays an important role in determining ignition timing. While there is no simple 
way to determine a priori the optimum transition angle, we analyze and present some 
possible criteria for selecting the transition angle. These preliminary criteria may later 
need to be modified or enhanced as further cases with different fuels and operating 
conditions are analyzed. 

After the transition angle is selected, we process the information obtained from the fluid 
mechanics code and group the fluid mechanics cells into chemical kinetics zones. First, 
the number of zones is selected, as well as a mass distribution within the zones. In this 
paper we use 40 zones, consisting of 10 temperature zones, each of which is then 
subdivided into 4 equivalence ratio zones. The mass distribution of the zones is given in 
Table 1. These values were selected based on our previous experience in multi-zone 
models and then modified by trial and error.

Table 1. Temperature and equivalence ratio zoning distribution for multi-zone model.

Temperature zones

Zone (1=coldest, 
10=hottest)

1 2 3 4 5 6 7 8 9 10

mass in zone, % 2 2 2 5 7 10 12 15 20 25

Equivalence ratio zones

Zone (1=leanest, 
4=richest)

1 2 3 4

Mass fraction in 
subzone, %

25 25 25 25

Cells are then distributed among the 40 zones. Cells are first plotted in a temperature-
equivalence ratio (T-φ) chart and sorted according to temperature. Cells that correspond 
to the coldest 2% of the mass are assigned to temperature zone 1, and the appropriate 
fractions of the total mass (from Table 1) are assigned to the following zones, until the 
hottest 25% of the mass is assigned to temperature zone 10 (Figure 2(c)). Each 



temperature zone is then divided into 4 equivalence ratio zones. In this paper we use a 
uniform equivalence ratio distribution, and therefore the mass in each temperature zone is 
equally divided between the four equivalence ratio zones, with the leanest cells going to 
zone 1 and the richest cells going to zone 4. 

Finally, the T-φ zoning information is fed into a chemical kinetics code. For this work, 
we use HCT (Hydrodynamics, Chemistry and Transport) [9]. HCT calculates pressure, 
temperature, combustion and chemical heat release as a function of crank angle from the 
transition angle to BDC (Figure 2(d)). HCT is run with a segregated solver that calculates
the chemical kinetics of each zone separately, greatly reducing computational time [6]. 
The chemical kinetics run assumes that the zones interact through pressure equilibration 
only. No mixing or heat transfer between cells is considered. Heat transfer to the cylinder 
wall is calculated with the Woschni correlation [10]. 

Model Validation

Validating a PCCI model is more difficult than validating an HCCI model due to the 
complexity introduced by having an equivalence ratio distribution in addition to a 
temperature distribution. Differences between analytical and experimental results for 
PCCI combustion can then be due to deficiencies in the multi-zone model or due to 
deficiencies in the mixing and injection models used in the fluid mechanics codes. Since 
the purpose of this paper is to evaluate the multi-zone model, it is thought more 
appropriate to validate the model results against analytical results obtained from a fully 
integrated fluid mechanics-chemical kinetics code. As previously discussed, a fully 
integrated solution can yield very accurate results for HCCI combustion. While it is 
ultimately necessary to conduct a validation against experimental data, the comparison 
against the fully integrated results provides a good estimate of the accuracy of the 
sequential multi-zone methodology. Future work will focus on validating the model 
against experimental data for early direct injected and CAI engines.

For validation of the multi-zone model we have selected an idealized problem that is 
simple enough to be solved with a fully integrated fluid mechanics-chemical kinetics 
code. The grid used for the analysis is shown in Figure 2(a). This is an axisymmetric
coarse grid with 2200 cells at intake valve closing. The chemical mechanism used in the 
analysis includes hydrocarbons up to C4 compounds, with a total of 179 species. The 
fuels selected for the analysis are methane and n-butane. N-butane is a chemically simple 
fuel that presents characteristics of practical fuels, such as early heat release. The octane 
number of n-butane is 92. Other engine parameters and run conditions are listed in Table 
2.

Table 2. Engine parameters and operating conditions used in the analysis.

Parameter Value
Engine speed 2007 rpm



Compression ratio 10.5:1
Stroke 13.5 cm
Bore 11.41 cm
Connecting rod length 21.6 cm
Displacement 1378 cm3

Crank angle at intake valve closing (IVC) -155°
Chemical kinetic mechanism 179 species, up to C4 compounds
Fuels Methane, n-butane
Pressure at IVC 3.18 bar
Temperature at IVC 490 K for n-butane

573 K for methane
Average equivalence ratio 0.4
Residual gas fraction 2%
Running time for a fully integrated solution on one 
processor of a 2 GHz Linux computer

1 week

For each of the two fuels being analyzed in the idealized problem, we consider four initial 
equivalence ratio distributions (at IVC). The purpose of these four distributions is to 
analyze the effect of different levels of stratification on PCCI combustion. Distributions 
are titled steep, shallow, homogeneous and reverse (Figure 3). It is assumed that the 
initial equivalence ratio distribution is only a function of the cylinder radius and not a 
function of the axial position along the cylinder. All the distributions have the same 
average equivalence ratio (0.4). 

In total, we analyze 8 cases (2 fuels and 4 initial equivalence ratio distributions for each 
fuel). For each of these cases, we have calculated a fully integrated solution, as well as 
multiple solutions from the multi-zone model, obtained for different transition angles
between the fluid mechanics and the chemical kinetics calculations. The following 
section describes the fully integrated results and the multi-zone results.

Results

Figures 4-8 show the evolution of the T-φ distribution as a function of crank angle, for 
the steep case with n-butane fuel. The figures show equivalence ratio and temperature for 
all the cells. The size of the symbols in the figures is proportional to the mass located in 
each of the cells. Initially, at IVC (-155°), all cells have the same temperature and a very 
broad equivalence ratio distribution. As the mixture is compressed, the average 
temperature increases and some temperature stratification appears due to heat transfer to 
the walls. Small cells (located at the boundaries, see Figure 2 (a)) are typically colder 
than the bigger, core cells. The figures also show that the equivalence ratio range shrinks 
as the mixture is compressed, due to mixing between rich and lean cells. At - 20° the 
distribution only extends from 0.3 to 0.6 in equivalence ratio, compared to the broader 
initial distribution. At - 20° all the symbols in the figure are of similar size, indicating that 
all the cells have approximately the same mass. This is because the big cells that exist in 



the mesh at IVC (Figure 2(a)) have disappeared as TDC is approached due to 
compression of the mesh. Near TDC all the cells are of similar size. 

Figure 2(c) shows the T-φ distribution at -16° for the steep case with n-butane. In 
addition to showing the T-φ distribution, the figure shows how the cells are grouped into 
temperature zones, according to the zoning distribution detailed in Table 1. The 
temperature zones are then each divided into four equivalence ratio zones (not shown in 
Figure 2(c)), with each φ zone holding a fourth of the mass in the temperature zone. 

The results of the fully integrated fluid mechanics-chemical kinetics calculations are 
shown in Figure 9. This figure shows pressure as a function of crank angle for the four 
initial equivalence ratio distributions (steep, shallow, homogeneous and reverse, see 
Figure 3), for both n-butane and methane. The figure shows that the steep case always 
burns first, followed by the shallow, uniform and finally the reverse. This is a 
consequence of the thermodynamic properties of the air-fuel mixtures: leaner mixtures 
have a higher specific heat ratio (γ=cp/cv) than rich mixtures, and therefore heat up faster 
during compression. As Figure 3 indicates, the steep case has a leaner mixture at the 
center, and therefore ends up with a hotter core at the end of the compression stroke, 
resulting in earlier ignition. As we move from the steep case into the shallow, 
homogeneous and steep cases, the equivalence ratio at the center increases, and the core 
does not heat up as much during compression, resulting in later ignition.

Figure 9 also shows that equivalence ratio stratification has little effect on burn duration, 
at least for the conditions analyzed in this paper. More equivalence ratio stratification 
may be necessary to cause a major change on burn duration, although care has to be taken 
that the broader distribution in equivalence ratio does not result in considerably higher 
NOx emissions.

Figure 2(d) shows a comparison between the pressure trace calculated from the fully 
integrated code and five pressure traces calculated from the multi-zone model, for the 
steep case with n-butane. The pressure traces calculated from the multi-zone model are 
obtained for five different transition angles between the fluid mechanics solution and the 
chemical kinetics solution (-20°, -18°, -16°, -14° and -12°, see method description 
above). The figure shows that the multi-zone solutions accurately predict  peak cylinder 
pressure and burn duration, and the solution for -16° yields a very good approximation to 
the pressure trace calculated from the fully integrated method. However, the results of the 
multi-zone model are sensitive to the transition angle. Delaying the transition between the 
fluid mechanics code and the chemical kinetics code by 2° delays the ignition timing by 
approximately 1°.

From Figure 2(d) it is possible to calculate (by interpolation) the transition angle that 
yields an exact prediction of the ignition timing. This optimum transition angle is -16.5°.  
We can then conduct a similar calculation for the remaining 7 cases (3 for butane and 4 
for methane) by interpolating from pressure trace figures similar to Figure 2(d) (these 
figures are not shown in this paper). The results are shown in Figure 10. This figure 
shows the optimum transition angle that can be used for matching the ignition timing, for 



methane and n-butane, for the four fuel-air distributions. The figure shows that the 
optimum transition angle changes little for all the cases presented. The optimum 
transition angle varies within a range of 2°, between -16.5° and -14.5°, for the 8 cases 
being analyzed. Considering that changing the transition angle by 2° changes the ignition 
timing by approximately 1° (see Figure 2(d)), it can be concluded that using the average 
optimum transition angle (-15.5°) is likely to predict ignition timing with a maximum 
error of about 0.5° for the steep and reverse distributions, and it would likely yield very 
accurate ignition predictions for the shallow and homogeneous cases.

Figure 11 shows a comparison between fully integrated and multi-zone solutions for n-
butane, for the four equivalence ratio distributions being considered. All the multi-zone 
solutions consider -16° as the transition angle between the fluid mechanics and the 
chemical kinetic solution. This transition angle is chosen because it is the closest to the 
average optimum transition angle (-15.5°), considering that multi-zone runs were 
conducted at 2° intervals between -20° and -12°. The multi-zone method with transition 
at -16° predicts well the pressure traces, especially for the early combustion cases. For the 
reverse case, the agreement between the fully integrated solution and the multi-zone 
solution is not as good, as this case has a late optimum transition angle (-14.5°).

The comparison between multi-zone and fully integrated pressure traces for methane is
shown in Figure 12. The results are once again shown for transitioning between the fluid 
mechanics and the chemical kinetic solution at -16°. The results are similar to those of 
Figure 11, showing good agreement between fully integrated and multi-zone solutions for 
the early combustion cases. For the reverse case, the multi-zone model predicts an early 
ignition timing compared to the fully integrated solution. Once again, this is because the 
reverse case has the latest transition angle, and could be better matched with the run made 
for transition at -14°.

The Transition Angle

The multi-zone model described here yields good predictions of pressure traces and burn 
duration, but the ignition timing is sensitive to the transition angle between the fluid 
mechanics code and the chemical kinetics code. The model is useful for PCCI engine 
analysis even without a universal transition criterion, as the model can predict heat 
release rate with good accuracy, and combustion timing is often known (optimum
combustion timing is typically a few degrees after TDC). However, it is still desirable to
define a criterion that can be used to decide when transition should occur.

For the 8 cases considered in this paper, it is apparent that a very simple transition 
criterion can be used for accurately predicting ignition: θ=-15.5°. As previously 
discussed, this transition angle predicts ignition timing with a maximum error of 0.5°. 
While this is a simple criterion to use and follow, it may have to be adjusted as different 
fuels and different engine geometries are considered. In addition to this, it is desirable to 
adopt a physics- based criterion that may achieve greater generality.



As previously discussed, the optimum transition angle is determined by a balance 
between the error associated with ignoring the early chemistry and the error associated 
with inaccurately calculating mixing and heat transfer in the multi-zone model. 
Transitioning to the chemical kinetics code too early introduces errors, since mixing and 
heat transfer cannot be accurately modeled with the chemical kinetics code. Transitioning 
too late also introduces errors because the model may miss some of the early chemistry, 
which typically plays an important role in determining ignition timing. Based on this, we 
consider the possibility of using chemical heat release or the temperature of the hottest 
cell in the cylinder as indicators of transition angle.

Figures 13 and 14 show cumulative chemical heat release, expressed as a fraction of the 
total available chemical heat release (in logarithmic scale) as a function of crank angle, 
for the four fuel-air distributions. Figure 13 shows results for n-butane and Figure 14 for 
methane.  Chemical heat release in these figures is calculated from the fully integrated
solution. The figures also include four points that indicate the transition angle that best 
predicts ignition for the multi-zone model (from Figure 10). 

Figure 13 shows that the points that indicate the optimum transition angles for n-butane 
are clustered at approximately 3×10-4 heat release fraction. For methane (Figure 14), the 
optimum transition points span a wider range of heat release fraction, between 10-5 and 
5×10-5. From these figures it is apparent that it may be possible to use fraction of heat 
release as a criterion for determining transition angle. However, different criteria need to 
be used for different fuels (and possibly also for different operating conditions). The 
greater spread of the results for methane compared to n-butane may be due to the lower 
chemical reactivity of methane at low temperatures. For methane, early heat release has a 
relatively weak effect on ignition timing.

A difficulty with using chemical heat release as a criterion for transition is the fact that 
the multi-zone model does not calculate heat release before transition (the fluid 
mechanics code is run assuming motored conditions). Therefore, setting a transition 
criterion based on early heat release would require that heat release be calculated by a 
different methodology. Ideally, this would be a simplified methodology that is easy to 
implement and not computationally intensive. An artificial neural network [11] may be 
ideal for this application.

We have also explored the possibility of using the temperature of the hottest cell as a 
transition criterion. The rationale for this is that the hottest cell is responsible for ignition, 
and the temperature of the hottest cell is an indication of how far the charge is from 
ignition. The results are shown in Figures 15 and 16. These figures show the temperature 
of the hottest cell as a function of crank angle, for the four fuel-air distributions. The 
temperature distributions are obtained from the fully integrated runs. However, the 
motored temperatures are nearly identical to the fully integrated temperatures, because 
there is very little heat release at the time of transition (see Figures 13 and 14). Figure 15
shows the results for n-butane and Figure 16 for methane. The figures also include four 



points that indicate the transition angle that best predicts ignition for the multi-zone 
model (from Figure 10). 

Figures 15 and 16 show that it may be possible to use the temperature of the hottest cell 
to predict transition angle, as these temperatures do not change much for the four fuel-air 
distributions. However, once again, it may be necessary to set a different transition 
criterion for different fuels, as the temperature is different for the two fuels being 
considered. As may be expected, the temperature for methane at the time of transition is 
approximately 100 K higher than the temperature for n-butane. Once again, this is due to 
the lower reactivity of methane at low temperatures.

Finally, it is important to determine why the ignition timing is so sensitive to the 
transition angle. If the main reason for the sensitivity is the inaccuracy of the heat transfer 
correlation, it may be possible to “tune” the heat transfer correlation to reduce the 
sensitivity. Recent research [12] has focused on improving the applicability of the heat 
transfer correlation for HCCI combustion. It may be possible to use the correlations 
derived in [12] to reduce the effect of the transition angle on ignition. 

Conclusions

We have developed a methodology for analysis of premixed charge compression ignition 
(PCCI) engines that applies to conditions in which there is some stratification in the air-
fuel distribution inside the cylinder at the time of combustion. Our analysis methodology 
consists of two stages: first, a fluid mechanics code is used to determine temperature and 
equivalence ratio distributions as a function of crank angle, assuming motored conditions. 
The distribution information is then used for grouping the mass in the cylinder into a two-
dimensional (temperature-equivalence ratio) array of zones. The zone information is then 
handed on to a detailed chemical kinetics model that calculates combustion, emissions 
and engine efficiency information. The methodology applies only to situations where 
chemistry and fluid mechanics are weakly linked. The results of the multi-zone model 
have been compared to the results obtained from a fully integrated code, in which a 
chemical kinetics code is directly linked into a fluid mechanics code to calculate 
chemistry in every cell of the grid. The main conclusions from the analysis are listed 
next.

1. The multi-zone model predicts burn duration and peak cylinder pressure with 
good accuracy. 

2. The ignition timing predicted by the multi-zone model is sensitive to the transition
angle between the fluid mechanics code and the chemical kinetics code.

3. It is desirable to establish a criterion to determine the transition angle. In this 
paper we attempted the following possibilities:

a. The simplest criterion appears to be to transition at -15.5°. This very 
simple criterion worked well, predicting ignition within ±0.5° for the 8 
cases being considered in this paper.



b. Chemical heat release at the transition angle may be a good criterion, as it 
is an indication of how much of the early chemistry is being neglected by 
the multi-zone model. This criterion worked reasonably well. However, a 
different criterion needs to be established for each of the two fuels 
considered here.

c. Temperature of the hottest cell may also be a good criterion, since this 
temperature is an indication of how far the charge is from ignition. Again, 
the criterion appears to work reasonably well, although a different 
criterion needs to be applied for the two different fuels.

4. The model has applicability even without a universal transition criterion, as the 
model predicts heat release rates with good accuracy, and the ignition timing is 
often known a priori. However, it is desirable to conduct further research to 
evaluate the generality of the criteria described here for transition between the 
fluid mechanics code and the heat transfer code. Ultimately it is necessary to 
compare the merits of this methodology with alternative methodologies for 
analyzing PCCI combustion [13-14].
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Figure 1. Computational time in a single processor of a LINUX computer as a function of 
the number of computational cells for a computational fluid mechanics (CFD) calculation 
and a chemical kinetics calculation.
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Figure 2. Sequence of calculations for the multi-zone methodology. (a) Conduct a fluid 
mechanics analysis of the engine cycle, assuming non-firing (motored) conditions. (b) 
Select a crank angle for transitioning between the fluid mechanics code and the chemical 
kinetics code. (c) Group fluid mechanics cells into chemical kinetics zones. (d) Run 
chemical kinetics code to calculate firing conditions.
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Figure 3. Initial equivalence ratio distributions inside the cylinder, as a function of 
cylinder radius, at intake valve closing, for four different distributions, titled steep, 
shallow, homogeneous and reverse. The initial equivalence ratio distribution is only a 
function of the cylinder radius and not a function of the axial position along the cylinder. 
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Figure 4. Temperature-equivalence ratio (T-φ) distribution at -155° crank angle for the 
steep case with n-butane fuel. The figure shows equivalence ratio and temperature for all 
the cells in the fluid mechanics mesh. The size of the symbols in the figure is 
proportional to the mass located in each of the cells. 
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Figure 5. Temperature-equivalence ratio (T-φ) distribution at -120° crank angle for the 
steep case with n-butane fuel. The figure shows equivalence ratio and temperature for all 
the cells in the fluid mechanics mesh. The size of the symbols in the figure is 
proportional to the mass located in each of the cells. 
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Figure 6. Temperature-equivalence ratio (T-φ) distribution at -80° crank angle for the 
steep case with n-butane fuel. The figure shows equivalence ratio and temperature for all 
the cells in the fluid mechanics mesh. The size of the symbols in the figure is 
proportional to the mass located in each of the cells. 
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Figure 7. Temperature-equivalence ratio (T-φ) distribution at -40° crank angle for the 
steep case with n-butane fuel. The figure shows equivalence ratio and temperature for all 
the cells in the fluid mechanics mesh. The size of the symbols in the figure is 
proportional to the mass located in each of the cells. 
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Figure 8. Temperature-equivalence ratio (T-φ) distribution at -20° crank angle for the 
steep case with n-butane fuel. The figure shows equivalence ratio and temperature for all 
the cells in the fluid mechanics mesh. The size of the symbols in the figure is 
proportional to the mass located in each of the cells. 
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Figure 9. Pressure as a function of crank angle for the fully integrated fluid mechanics-
chemical kinetics calculations, for methane and n-butane, for the four initial equivalence 
ratio distributions (steep, shallow, homogeneous and reverse).



Figure 10. Optimum transition angle that can be used for matching the ignition timing 
with the multi-zone model, for methane and n-butane, for the four fuel-air distributions.
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Figure 11. Comparison between fully integrated and multi-zone pressure traces for n-
butane, for the four equivalence ratio distributions being considered. All the multi-zone 
solutions shown in the figure consider -16° as the transition angle between the fluid 
mechanics and the chemical kinetic solution. 
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Figure 12. Comparison between fully integrated and multi-zone pressure traces for 
methane, for the four equivalence ratio distributions being considered. All the multi-zone 
solutions shown in the figure consider -16° as the transition angle between the fluid 
mechanics and the chemical kinetic solution. 
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Figure 13. Cumulative chemical heat release, expressed as a fraction of the total available 
chemical heat release (in logarithmic scale) as a function of crank angle, for the four fuel-
air distributions, for n-butane fuel. The figure also includes four points that indicate the 
transition angle that best predicts ignition for the multi-zone model (from Figure 10). 
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Figure 14. Cumulative chemical heat release, expressed as a fraction of the total available 
chemical heat release (in logarithmic scale) as a function of crank angle, for the four fuel-
air distributions, for methane fuel. The figure also includes four points that indicate the 
transition angle that best predicts ignition for the multi-zone model (from Figure 10). 
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Figure 15. Temperature of the hottest cell as a function of crank angle, for the four fuel-
air distributions, for n-butane fuel. The temperature distributions are obtained from the 
fully integrated runs. The figure also includes four points that indicate the transition angle 
that best predicts ignition for the multi-zone model (from Figure 10). 
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Figure 16. Temperature of the hottest cell as a function of crank angle, for the four fuel-
air distributions, for methane fuel. The temperature distributions are obtained from the 
fully integrated runs. The figure also includes four points that indicate the transition angle 
that best predicts ignition for the multi-zone model (from Figure 10). 




